ABSTRACT
training. For this purpose, we examined evoked potentials in the calf muscles of 11 (71±4years) 27 strength trained master athletes (MA) contrasted to 10 (71±4years) sedentary (SO) and 11
28
(73±6years) recreationally active (AO) old subjects, as well as 9 (22±2years) young controls. As , p<0.05) than the other groups.
32
MA also exhibited higher m.soleus normalized V-waves during MVC (V sup /M sup : 0.28±0.15) than 33 AO (0.13±0.06, p<0.01) and SO (0.11±0.05, p<0.01 ), yet lower than young (0.45±0.12, p<0.01).
34
No differences were apparent between the old groups in H-reflex recorded at rest or during MVC
35
(H max /M max ; H sup /M sup ), and all were lower (p<0.01) than young. MA (34.4±2.1ms) had shorter 36 (p<0.05) H-reflex latency compared to AO (36.4±3.7ms ) and SO (37.3±3.2ms), but longer 37 (p<0.01) than young (30.7±2.0ms). Using interpolated twitch analysis MA (89±7%) had similar 38 plantar flexion voluntary activation as young (90±6%), and this was higher (p<0.05), or tended to 39 be higher (p=0.06-0.09) than SO (83±10%) and AO (84±5%). These observations suggest that 40 lifelong strength training has a protective effect against age-related attenuation of efferent drive.
41
In contrast, no beneficial effect seems to derive from habitual recreational activity, indicating that INTRODUCTION motoneuron firing frequency have been documented after strength training (6, 12) . Together 88 these findings suggest that efferent drive, specifically motoneuron firing frequency, and likely 89 also motoneuron recruitment, can be improved by strength training in old. training. Alternatively, the lack of strength training-induced changes on the Ia afferent reflex arc 100 may also be explained by methodological limitations. Specifically, muscle contractions of a 101 certain intensity may be necessary to detect differences. Indeed, in studies with young subjects, 102 strength training is shown to increase H-reflex excitability when the reflex is obtained during 103 muscle contractions (1, 8), but not when it is measured at rest (1, 8, 46) .
105
To our best knowledge, all previous strength training studies investigating evoked potentials have 106 been of relatively short duration (months), typically involving subjects with little or no strength 107 training experience. Not only is a short term training intervention insufficient to reach the 108 strength levels attained by long-term continuous strength training, but it may also be questioned whether a lack of strength training over many decades may have led to irrefutable neuronal loss, 110 that might not be restored if it is first lost. Therefore, the aim of the current study was to assess and subjects were instructed to perform the contraction as fast and forcefully as possible. Finally, 219 after the evoked potentials and VA assessments for plantar flexion, as a measurement of 220 performance associated strength, maximal dynamic muscle strength in the lower extremities was 221 measured as 1RM using a seated horizontal leg press apparatus (Technogym, Gambettola, Italy).
222
Knee joint angle in the lower position was set to 90°. After three warm-up sets of six to eight 223 repetitions, the load was gradually increased by 10 kg until failure. 1 RM was typically achieved 224 within three to five trials. Rest periods between each trial were 3-5 minutes. RFD was recorded in 225 the same leg press apparatus, through a force platform (Model 9286AA, Kistler, Switzerland) at 2 226 kHz. The load was set to the closest 10 kg increment above the subject's bodyweight (32), and 227 the lift was performed from a 90° knee joint angle. Subjects were instructed to move slowly down to a 90° knee angle, hold the position for one second and then perform the concentric phase 229 of the movement as fast and forcefully as possible. Each subject was given three attempts, of 230 which only the best trial was considered for analysis. 
RESULTS

273
All 41 subjects completed all the testing procedures, without any circumstances advocating 274 subject exclusion. The four groups were not different with respect to height and weight, and the three old groups were not different from each other with regards to age, but all naturally 276 significantly different from the age of the young (p<0.01). VO 2max measurements confirmed the 277 reported activity level of the old subjects, as both AO (26%) As expected, the MA exhibited superior performance in all measured strength variables compared 283 to AO and SO (Table 2 ). 1RM was 45% higher than AO, 75% higher than SO, and even 26% 284 higher than the moderately active young controls (p<0.01). Similarly, dynamic leg press RFD 285 was 159% faster than AO, 178% faster than SO (p<0.01), and 53% faster than young (p<0.05).
286
Also for the plantar flexion MVC, MA was 28% and 24% stronger than AO and SO respectively 287 (p<0.05), but with no difference from the young controls. Isometric plantar flexion RFD was 288 93% and 87%, respectively, faster in MA compared to SO and AO (p<0.01). Also when 289 expressed relatively to MVC, the MA had faster RFD than SO (38%) and AO (37%) (p<0.01).
290
Thigh muscle volume was 22%, 14% and 14%, respectively, higher in the MA compared to AO, 291 SO and young (p<0.05).
293
Evoked potentials
294
MA had 53% and 60% higher (p<0.01) SOL V sup /M sup -ratios compared to AO and SO, 295 respectively (Table 3 ). Yet, SOL V sup /M sup -ratio of all the three old groups was lower (p<0.01) In contrast, SOL H max /M max -ratio and SOL H sup /M sup -ratio were not different between any of the 301 old groups, but again all the old groups were lower (p<0.01) compared to young (Figure 3) Mirroring the V sup /M sup -ratios, VA exhibited a tendency to be higher in MA (89 ± 7%) compared 333 to AO (84 ± 5%, p=0.09) and SO (83 ± 10%, p=0.06), but with no difference compared to the 334 young (90 ± 6%) (Figure 4) . In contrast, the young group had higher VA compared to AO 335 (p<0.05) and tended to be higher than SO (p=0.06). No differences were observed between any of 336 the four groups in EMG rms for either agonist (SOL, GM and GL) or antagonist (TA) muscles. VA study. For example, an old subject with a small reflex response will need more efferent drive to 450 achieve the same V sup /M sup -ratio compared to a young subject with a larger reflex response.
451
While comparison of the V sup /M sup -ratio between the three old groups in the current study is 
Voluntary activation
467
As assessed by interpolated twitch (3), VA was similar between MA and young. MA also Recognizing the corresponding differences in both interpolated twitch and V sup /M sup -ratio, it 480 appeared that the old MA exhibited greater capacity for both motoneuron recruitment and firing 481 frequency compared to the untrained old. Indeed, this difference in efferent drive may be the 482 main contributing factor to the differences in force production between the groups. compared to what was observed in the young, also the functionally important dynamic leg press 492 RFD was ~50% faster than the young controls, and more than 150% faster than the two untrained 493 old groups. Similarly, the isometric plantar flexion RFD, both expressed in absolute values and 494 relative to MVC, was higher (~90% and ~40%, respectively) compared to the untrained old. The
495
RFD is documented to largely rely on neuromuscular factors, reflect maximal motoneuron firing 496 frequency, and decrease with age (6, 12, 13) . Also strength training-induced gains in RFD seem 497 to closely relate to increases in maximal motoneuron firing frequency (6, 12), particularly during 498 the initial phase (<75ms) of contraction (16, 25, 44) . As a consequence, the RFD characteristics 499 of the MA in the current study likely reflect a high efferent neural drive during rapid muscle 500 contractions.
502
Importantly, none of the investigated characteristics of the neuromuscular system in our study 503 displayed any differences between sedentary and recreationally active old participants. This is 504 somewhat surprising, but may suggest that high intensity strength training in particular, and not physical activity per se, may be essential to preserve the neuromuscular function with age.
506
Although assessed by indirect estimates and animal studies, it has been proposed that lifelong 507 physical training may selectively mitigate the loss of motoneurons, as motoneuron preservation 508 seems to manifest itself primarily in the motor units directly associated with the physical strain 509 (14, 37). Albeit investigated in endurance athletes, the estimated number of motor units in the 510 tibialis anterior muscle was higher in lifelong runners compared to age-matched sedentary 511 individuals (35, 36) . In contrast, the estimated number of motor units in the biceps brachii 512 muscle, which is not directly involved in running, was not different between the two groups.
513
Since the age-related loss of motoneurons is suggested to primarily affect the fast twitch motor 514 units (2, 18, 21) Training frequency (sessions/week) 3.4 ± 0.8
Training hours (hours/week) 6.0 ± 2.9
Average training intensity (% of 1RM) 84 ± 7 Table 2 . Muscle strength characteristics, muscle cross sectional area and maximal oxygen consumption. 
